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ABSTRACT: Melatonin is an endogenous indoleamine that has been shown to inhibit tumor growth in
laboratory models of prostate cancer. Prostate cancer risk has additionally been associated with exogenous
factors that interfere with normal pineal secretory activity, including aging, poor sleep, and artificial light at
night. Therefore, we aim to expand on the important epidemiological evidence, and to review how melatonin can
impede prostate cancer. More specifically, we describe the currently known mechanisms of melatonin-mediated
oncostasis in prostate cancer, including those that relate to the indolamine’s ability to modulate metabolic
activity, cell cycle progression and proliferation, androgen signaling, angiogenesis, metastasis, immunity and
oxidative cell status, apoptosis, genomic stability, neuroendocrine differentiation, and the circadian rhythm. The
outlined evidence underscores the need for clinical trials to determine the efficacy of supplemental, adjunct, and
adjuvant melatonin therapy for the prevention and treatment of prostate cancer.
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1. Introduction

Across the world, prostate cancer is the second most
frequently diagnosed malignancy and a leading cause of
death in men [1]. But, despite many researchers and
clinicians' efforts to improve the survival rate of prostate
cancer, more advanced treatment strategies are still
warranted [2]. The primary treatment for prostate cancer
is radical prostatectomy or radiation therapy. Androgen
deprivation therapy (ADT) and docetaxel chemotherapy
are used for metastatic tumors. Furthermore, targeted
therapy has been recently introduced even in prostate
cancer treatment [3].

Melatonin (N-Acetyl-5-Methoxytryptamine) is an
endogenous indolamine that regulates the sleep-wake
cycle. Interestingly, many studies have demonstrated the
anti-tumor activities of melatonin. In particular, many in
vitro and in vivo studies have described various roles of
melatonin in preventing and treating prostate cancer [4].
According to previous research, there are many
mechanisms underlying the anti-tumor effects of
melatonin. We believe that understanding the anti-tumor
mechanism of melatonin could provide insights into the
association of circadian rhythm with tumor cell
proliferation and apoptosis [5].

This review aims to delineate epidemiological
evidence for the association between melatonin and
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prostate cancer and to review the mechanisms of
numerous melatonin-induced oncostatic effects. The
outlined evidence underscores the need for clinical trials
to determine the efficacy of supplemental, adjunct, and
adjuvant melatonin therapy for the prevention and
treatment of prostate cancer.

2. Melatonin and prostate cancer: epidemiological
evidence

Aging is a tenet of mortality that is associated with
physiological changes that have internal and external
manifestations. Endogenous melatonin is not immune to
senescence. In terms of development, melatonin secretion

becomes circadian between the age of one to three years
and gradually diminishes by 10-15% per decade [6].
Diminished lifetime secretion of melatonin has been
suggested to be a catalyst for not only aging [7] (dubbed
the “Age Clock” [8]), but also numerous age-related
conditions such as cancer [9], neurodegenerative disease
(including Alzheimer’s [10] and Parkinson’s disease
[11]), type 2 diabetes mellitus, cardiovascular disease,
sleep and mood disorders, migraines, and general pain
[12, 13]. These diverse ramifications reflect the scores of
systemic functionalities of the pleiotropic molecule that
might be lost with age and potentially restored with
adjunct melatonin supplementation [14, 15].

Table 1. Results of epidemiological studies on MT and PC risk.

MT circadian rhythm present in young men and patients with benign prostatic
hyperplasia and incidental PC, but not present in non-metastasizing PC; Incidental PC
patients had elevated 24-hour mean concentration and amplitude compared to PC

Lower incidence of all cancers combined in totally blind people (SIR = 0.69; 95% ClI
=0.59-0.82); equal risk reduction in hormone-dependent tumors and other types of
cancer; lower incidence in severely visually impaired (SIR = 0.95; 95% CI: 0.91-1.00)
Among male commercial airline pilots, increasing number of flight hours increased
relative risk of PC in long-distance aircraft (p= 0.01)

Rotating-shift workers at significant relative risk for PC compared to dayworkers (RR
=3.0, 95% ClI: 1.2-7.7); small and non-significant increase in risk for fixed-night

Lower risk of PC associated with increasing sleep duration; men who slept > 9
hours/day at less risk for PC compared to those who slept less (Multivariate HR =

LAN significantly associated with PC, but not colon or lung cancer; PC risk in highest
LAN-exposed countries 110% higher compared to lowest LAN-exposed countries

OR for PC amongst men who ever worked at night compared to those who never

Men who reported sleep problems had lower morning urinary 6-sulfatoxymelatonin
(aMT®6s) levels; compared to men with morning urinary aMTB6s levels above the
median, 4-fold increase in risk for advanced PC in men with aMT6s levels below the

Less likelihood for PC (aOR = 0.59, 95% CI: 0.35-0.99; aOR = 0.46, 95% CI: 0.27-
0.77) or advanced PC (aOR = 0.49, 95% Cl: 0.26-0.89; aOR = 0.33, 95% CI = 0.17-
0.62) in men with urinary melatonin-sulfate level or melatonin-sulfate/cortisol ratio
above the median; men with both low MT/C ratios and PSA level >10 ng/ml at 8.82-
fold greater likelihood of PC and 32.06-fold greater likelihood of advanced PC; low
MT/C ratio and PSA level > 10ng/ml showed greatest potential in detecting both PC

PC incidence associated with artificial LAN (RR = 1.02; p = 0.0369) and urbanization
(RR = 1.06, p = 0.0055); comparing PC incidence at 25% and 75% levels of artificial
LAN, RR was 1.726 (12.6 over 7.3, respectively); no association between artificial

Bartsch et al. 1985 Prospective
Cohort
patients
Feychtingetal. 1998  Retrospective
Cohort
Pukkala et al. 2003 Prospective
Cohort
Kubo et al. 2006 Prospective
Cohort
work
Kakizaki et al. 2008 Prospective
Cohort
0.48, 95% Cl: 0.29-0.79; p = 0.02)
Kloog et al. 2009  Retrospective
Cohort
Parent et al. 2012  Case-Control
worked at night were 2.77 (95% CI: 1.96-3.92)
Sigurdardottir 2015 Case-Cohort
etal.
median (HR: 4.04; 95% CI: 1.26-12.98)
Tai etal. 2016  Case-Control
and advanced PC
Kim et al. 2017  Retrospective
Cohort
LAN and any other cancer
Farahani et al. 2020  Case-Control

Compared to patients with BPH, patient with PC had significantly lower serum and
saliva concentrations of MT (p < 0.05)

BPH: benign prostate hyperplasia; Cl: confidence interval; HR: hazard ratio; LAN: light at night; MT: melatonin; MT/C: melatonin/cortisol; OR:
odds ratio; aOR: adjusted OR; PC: prostate cancer; PSA: prostate specific antigen; RR: relative risk; SIR: standardized incidence ratio
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Prostate cancer is a leading cause of death in men with
a 60% incidence in men over the age of 65 [1]. While
confirmed diagnoses are significant, a systematic review
reporting on autopsies of 6024 men found undiagnosed
prostate cancer in 36% and 51% of Caucasians and
African Americans aged 70-79, respectively [16],
accentuating the true age-related risk of prostate cancer.
In addition to this clear age-related risk is an association
between prostate cancer risk and diminished levels of
endogenous melatonin [17, 18], described further in the
next section. Thus, while prostate cancer has a
multifactorial etiology, the relationship between advanced
age and prostate cancer risk may be related to the steady
decline of melatonin that accompanies the aging process.
Previous epidemiological studies have identified
diminished or suppressed melatonin as an important risk
factor for prostate cancer in men. Numerous important
studies are summarized in Table 1.

Disruption of the circadian rhythm has been
suggested to increase the risk of cancer [19-21]. The
International Agency for Research on Cancer of the WHO
has associated disruption of circadian rhythm resulting
from work shift with possible carcinogenicity in 2007.
Several reports have correlated non-standard shift work
and shift work sleep disorder with poor health
consequences notably on men’s urologic health such as
hypogonadal symptoms, infertility, lower urinary tract
symptoms, and prostate cancer [22]. An ecological study
that involved 164 countries examined the relationship
between exposure to light at night and the risk of several
types of cancer including prostate cancer [23, 24]. The
results showed a significant positive relationship between
light exposure at night and the risk of prostate cancer
whereby exposure to 99.21 nanowatts/cm2/sr of light at
night increased the risk of prostate cancer by 80%.
Furthermore, in an attempt to study the relationship
between sleep duration and prostate cancer, an
epidemiological study was conducted on a Japanese
population and a non-significant increase in the risk of
prostate cancer was noted in people who sleep less than 6
hours [25].

Kubo et al. examined the effect of shift work on
prostate cancer in a prospective cohort study and reported
a significant increase in the risk of prostate cancer in
rotating shift workers who alternate between a day and/or
afternoon shift and a night shift, and smaller non-
significant increased risk in fixed-night work when
compared to day workers [26]. In a retrospective cohort
study conducted in the Nordic countries, pilots aged over
60 years with more than 10,000 block hours had a fourfold
increased risk of prostate cancer when compared to pilots
with less than 5000 block hours [27]. In addition, the role
of circadian genes was investigated in prostate cancer by
Zhu et al. in an American population-based case-control

study among Caucasian men whereby 17 single
nucleotide polymorphisms (SNP)s located in three core
genes (i.e., ARNTL, CSNKIE, and NPAS2) were
identified and significantly related to prostate cancer [28].
It was also reported that blind people had lower incidences
of cancer with a standardized incidence ratio of 0.69 [95%
confidence interval (CI) = 0.59-0.82] [29].

The correlation between the urinary metabolites of
melatonin and prostate cancer risk was investigated in
several case-control studies and found to be an inverse
relationship whereby lower levels of urinary metabolites
were associated with a higher risk of prostate cancer [30].
Salivary and serum concentrations of melatonin were
found to be significantly decreased in patients with
prostate cancer when compared to patients with benign
prostatic hyperplasia [31]. In addition, Bartsch et al.
studied the fluctuation in melatonin and other pituitary
hormone levels in elderly men with benign prostatic
hyperplasia (BPH), incidental prostatic tumor, and
prostate carcinoma [32]. It was found that melatonin
exhibited a prominent fluctuation in patients with BPH
and incidental carcinoma, a feature not seen in those with
prostate carcinomas. Moreover, the levels of melatonin in
patients with prostate cancer were reported to be the
lowest among the three groups. These results suggest that
the levels of melatonin and its normal fluctuation are
dysregulated in patients with prostate cancer.

3. Oncostatic mechanisms of melatonin

Here we describe the currently known mechanisms of
melatonin-mediated oncostasis in prostate cancer,
including those that relate to the indolamine’s ability to
modulate metabolic activity, cell cycle progression and
proliferation, androgen  signaling,  angiogenesis,
metastasis, immunity and oxidative cell status, apoptosis,
genomic stability, neuroendocrine differentiation, and the
circadian rhythm. Many mechanisms are as well depicted
in Figure 1.

3.1. Oncostasis through the modulation of glucose
metabolism

One of the many ways by which tumor cells alter their
metabolic activity to sustain survival is to increase the
uptake and utilization of glucose. The Warburg Effect
describes the reliance of tumor cells on anaerobic
respiration through the glycolytic pathway rather than
mitochondrial aerobic respiration, even in the presence of
oxygen [33]. For this reason, Otto Warburg dubbed this
seemingly paradoxical phenomenon aerobic glycolysis in
the 1920s [34], and since then, extensive research has
elucidated numerous mechanisms of increased glucose
uptake and utilization that support this unique metabolic
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phenotype in tumor cells [35]. In prostate cancer, glucose
metabolism is involved in the progression of
carcinogenesis [36], where oxidative phosphorylation is

active early in disease progression [37], and the Warburg
effect takes over in later stages of the disease [38].
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Figure 1. Various described mechanisms of melatonin-induced oncostasis in prostate cancer (created with BioRender.com).
Melatonin inhibits (A) glucose metabolism of cancer cells as a competitive inhibitor of GLUT1 and (B) angiogenic processes through
inhibiting HIF-1a. Melatonin downregulates NF-kB activities leading to (C) promote apoptosis and (D) inhibit cell proliferation. (E)
Melatonin attenuates androgen receptor acitivity through nuclear exclusion of androgen receptor. (F) Melatonin inhibits metastasis by
downregulating MMP-13. (G) Melatonin prevents carcinogenesis by reducing genomic instability. AMP: adenosine monophosphate;
AP-1: activator protein 1; AR: androgen receptor; ATP: adenosine triphosphate; AR-V7: androgen receptor variant 7; Bcl-2: B-cell
lymphoma 2 apoptosis regulator; cGMP: cyclic guanosine monophosphate; c-myc: cellular-myc; E2-3,4-Q: estradiol-3,4-quinone;
GLUT1: glucose transporter-1; G-6-P: glucose-6-phosphate; HIF1: hypoxia-inducible factor 1; IL-6: interleukin-6; L1: long interspersed
element-1; MMP-13: matrix metallopeptidase 13; MT-1: melatonin receptor 1; NF-kB: nuclear factor kappa-light-chain-enhancer of
activated B-cells; PKA: protein kinase A; PKC: protein kinase C; PLC: phospholipase C; pVHL: Von-Hippel Lindau protein; p38: p38
mitogen-activated protein kinases ; p70S6K: ribosomal protein S6 kinase; RNP: ribonucleoprotein complex; TCA Cycle: tricarboxylic

acid cycle; VEGF: vascular endothelial growth factor.

The role of melatonin in glucose bioenergetics of
prostate cancer has been studied. After previously
demonstrating that the major mechanism of melatonin
uptake in LNCaP and PC-3 prostate cancer cells were
mediated via an active process rather than passive
diffusion [39], Hevia et al. later demonstrated a melatonin
receptor-independent mechanism of melatonin uptake
through members of the glucose transporter (GLUT)
family transporters. Specifically, indolamine was found to
interact at the same location as GLUT1 and prevented
glucose uptake after 30 min, 1, 3, and 6 hours.
Intracellular melatonin concentration was diminished as
well with the administration of glucose and other known
GLUT1 competitive ligands, suggesting competition

between melatonin and glucose by the glucose
transporter. This competition was then demonstrated in
vivo where pharmacological doses of melatonin
attenuated the glucose-induced tumor progression and
prolonged transgenic adenocarcinoma of the mouse
prostate (TRAMP) mice survival [40].

The same research team further examined the specific
roles of melatonin in prostate cancer metabolism.
Utilizing 13C-labeled metabolites and measuring
adenosine triphosphate (ATP)/adenosine monophosphate
(AMP) levels and lactate dehydrogenase and pentose
phosphate pathway activity, Hevia et al. discovered
numerous melatonin-induced metabolic alterations. Not
only did they confirm their previous findings that
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melatonin significantly reduced glucose uptake into
prostate cancer cells, but they also found that levels of
13C-labeled lactate, citrate, glutamate, succinate,
fumarate, and malate were all decreased secondary to
melatonin administration in LNCaP cells, in both normal
and hyperglycemic states. In addition, melatonin reduced
lactate 13C-labeling, ATP production, and pentose
phosphate pathway activity in the androgen-sensitive
cells, and reduced lactate 13C-labeling in the androgen-
insensitive PC-3 cells. The researchers attributed this
salient reduction of all major pathways of glucose
metabolism mechanistically to the general reduction of
glucose uptake in prostate cancer cells secondary to
melatonin administration [37].

This apparent reduction of glucose uptake was further
confirmed in vivo by Dauchy et al. Upon showing that
daytime spectral transmittance of white light utilizing
blue-tinted rodent cages induced a 7-fold increase in
circulating melatonin levels [41], Dauchy et al.
investigated whether this blue-light amplification of
nocturnal melatonin further exhibited oncostatic qualities
on prostate cancer xenografts. In male nude rats bearing
PC3 prostate cancer xenografts enclosed in blue-tinted
rodent cages, numerous metabolic and signaling activities
were suppressed secondary to the induced supra-
physiologic melatonin levels that slowed tumor growth.
Of relevancy, glucose uptake and lactate production were
markedly reduced, substantiating melatonin’s suppression
of the Warburg effect in prostate cancer [42].

3.2. Oncostasis through cell cycle control and anti-
proliferation

Many mechanisms have been proposed to explain the
antiproliferative effect of melatonin in prostate cancer
cells as they relate to the egulation of the cell cycle. Using
the radioactive nucleoside 3H-thymidine as an estimate of
DNA synthesis and cellular proliferation, Lupowitz et al.
demonstrated that melatonin inhibited 3H-thymine
incorporation in LNCaP cells at 1-24 hours while
transiently attenuating prostate cancer cell growth. The
authors suggested melatonin-mediated activation of
protein kinase C (PKC) as a possible mechanism of DNA
suppression though was not equivocal [43]. Xi et al. not
only reproduced melatonin-induced inhibition of 3H-
thymidine incorporation in LNCaP cells but also achieved
the same end with 2-iodomelatonin, a known agonist of
the melatonin receptor, highlighting the involvement of
melatonin receptor signaling in this anti-proliferative
mechanism [44]. This same group translated their work in
vivo with nude mice xenografted with LNCaP cells
expressing the melatonin receptor type 1 (MT1), and PC-
3 cells void of the receptor. They found LNCaP tumor
growth to be significantly attenuated and even prevented,

with 51.7% and 38.7% average decreases in tumor
volume at 60 days following tumor cell inoculation for
mice that received daily melatonin treatment initiated 10-
days prior to and following LNCaP inoculation,
respectively. The mechanism of oncostasis was deemed to
be anti-proliferative, as there were significant decreases in
proliferating cell nuclear antigen (PCNA) and cyclin A,
the former an integral protein directly involved in DNA
replication and repair during the cell cycle [45], and the
latter a ubiquitous cyclin that boasts anterograde cell-
cycle control via activation of two cyclin-dependent
kinases (CDK), CDK1 and CDK?2 [46, 47]. Importantly,
these same results were not found in the PC-3 xenografted
mice void of MT1, pointing to a permissive role of the
melatonin receptor in the observed melatonin-mediated
anti-proliferative effects [44]. Alternatively, Moretti et al.
demonstrated in vitro that via a membrane receptor-
independent mechanism, melatonin accumulated LNCaP
cells in Go/G1 phase and diminished S-phase, effectively
promoting cell cycle withdrawal [48]. This same group
later reproduced these exact findings in DU 145 prostate
cancer cells, attributing the melatonin-mediated anti-
proliferative effects on putative nuclear receptors [49].

Other melatonin receptor-dependent mechanisms of
cell cycle control and anti-proliferation have been
described. Siu et al. discovered modulation of the
epidermal growth factor (EGF) signaling cascade via
melatonin activation of MT1. Epidermal growth factor
receptor (EGFR) is a notable receptor tyrosine kinase and
proto-oncogene complicit in the pathogenesis of
numerous carcinomas [50], with EGFR expression found
to increase throughout prostate carcinogenesis [51].
Previous research has shown that the EGF/EGFR axis
upregulates cyclin D1 in LNCaP cells to promote G1/S
progression as a mechanism of proliferation [52]. Siu et
al. demonstrated that melatonin inhibited LNCaP
proliferation and significantly attenuated cyclin D1 levels,
suggesting melatonin - MT1 signaling modulated the
EGFR axis as means for antiproliferation [53].

In LNCaP cells, Sainz et al. demonstrated that
melatonin induced cell cycle arrest via marked
upregulation of p21, a powerful CDK inhibitor [54].
Similarly, Tam et al. demonstrated in 22Rv1 prostate
cancer cells that via the MT1, melatonin reduced
proliferation through co-activation of parallel PKC and
protein kinase A (PKA) cascades that resulted in the
upregulation of p27Kip1 [55], another CDK inhibitor with
targets such as G1 cyclin E-CDK2 and cyclin D-CDK4/6
[56]. Soon after, they demonstrated this same mechanism
in prostate epithelial RWPE-1 cells, suggesting that
melatonin can regulate the growth of prostate tissue in
both healthy and disease states [57]. Shiu et al. later
identified dual activation of Gas and Gagq as the direct G-
protein effectors of MT1 stimulation responsible for
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initiating signal propagation through parallel PKA and
PKC pathways, respectively [58]. Further, after
demonstrating that targeted mutation of the nuclear factor
kappa-light-chain-enhancer of activated B-cells (NFkB)
binding sequence within the 116 base-pair regions of the
p27Kipl promoter in melatonin-treated LNCaP and
22Rvl1 cells resulted in diminished binding of NF«B to the
p27Kipl promoter, Shiu et al. suggested NFxB be the
specific transcription factor ultimately involved in the
melatonin-mediated upregulation of p27Kipl. The
likelihood of NFkB involvement was further bolstered
after demonstration of both melatonin-mediated
inhibitions of NF«B activity via the MT1/PKA (Gas)/
PKC(Guoq) signaling cascade and mimicked and inhibited
anti-proliferative activity following treatment of NF«B
stimulants and inhibitors, respectively. Thus, they
concluded that via the MTI1/PKA(Gos)/PKC(Gaq)
signaling pathway, melatonin directly inhibited the
constitutively active NFkB in prostate cancer cells,
resulting in diminished repression of the p27kipl
promoter, thereby upregulating transcription of p27Kipl
[59]. NFxB inhibition secondary to melatonin treatment
in LNCaP and 22Rv1 prostate cancer cells was repeated
by Sun Liu et al., further verifying NFxB as a likely
downstream target of melatonin [60]. Tmelatonin-
mediatedated upregulation of p27Kip1l is salient as most
advanced prostate cancers lack p27Kipl expression [61]
and low p27 expression is reported to be an independent
prognostic  factor for disease recurrence [62].
Interestingly, signaling through the melatonin-mediated
PKA(Gas)/PKC(Gaq)/NFxB/p27Kipl axis was found by
Tam et al. to ultimately be dependent on the presencean
of androgen receptor (AR). They proposed the existence
of crosstalk between this cascade and AR signaling
following observation of an apparent lack of melatonin-
mediated anti-proliferation and p27Kipl upregulation in
LNCaP, VCaP, 22Rv1, and RWPE-1 cell lines that had
AR and AR variants purged via RNA interference. They
thereby inferred the presence of AR as a necessary
requisite for signaling through the PKA(Gas)/PKC (Gaq)/
NF«xB/p27Kipl axis that mediates the antiproliferative
effect of melatonin on prostate cells [63].

Jung-Hynes et al. studied the antiproliferative effects
of melatonin as they relate to interactions with NAD+
dependent sirtuin class Il histone deacetylase (SIRT1). In
their previous research, Jung-Hynes demonstrated that
SIRT1 inhibition precipitated significant antiproliferative
effects in vitro on prostate cancer cells, attributed to a
permissive increase in FOXO-1 acetylation and
transcriptional activation. From these findings, they
inferred that SIRT1 is complicit in prostate cancer
carcinogenesis [64]. They later found that melatonin
demonstrated a level of SIRT1 inhibition comparable to
that of nicotinamide and suramin (known inhibitors of

SIRT1) and resulted in significant antiproliferation of
numerous prostate cancer cell lines. Antiproliferation was
then further shown in vivo with TRAMP mice, whereby
melatonin administration precipitated a significant
decrease in prostate tumorigenesis and levels of Ki-67 and
PCNA cellular proliferation markers, attributed to the
concomitant SIRTZ1-inhibition [65]. Further studies are
warranted to delineate the putative antiproliferative
mechanisms underlying melatonin mediated SIRT1
inhibition.

3.3. Oncostasis through the attenuation of androgen
receptor activity

Rimler et al. were the first to examine the relationship of
melatonin with the AR cascade in prostate cancer.
Utilizing LNCaP prostate cancer cells, they found that the
melatonin neither competitively inhibited the AR, nor
affected steroid binding capacity, but did precipitate
nuclear exclusion of the AR that they suggested to explain
the attenuated AR activity evident by diminished
androgen-induced transcriptional activity and
downregulation of AR mRNA [66]. Since this first
demonstration, melatonin-mediated nuclear exclusion of
the AR in prostate cancer cells has been demonstrated
repeatedly [67-69], corroborating the indolamine’s anti-
androgen effect on prostate cancer cells. Mechanisms
explaining this phenomenon have been identified.
Lupowitz et al. found in vitro with PC-3 cells that
melatonin induced a salient rise in intracellular cyclic
guanosine monophosphate (cGMP), resulting in the
activation of PKC and subsequent nuclear exclusion of
AR. After melatonin and cGMP-mediated AR nuclear
exclusion was inhibited following administration of
BAPTA, a membrane-impermeable calcium chelator
utilized for its ability to reduce intracellular calcium
concentration [70], they concluded that the melatonin-
induced rise in ¢cGMP must function to increase
intracellular calcium concentration, precipitating the PKC
activation that mediates the nuclear exclusion of AR [71].
This same group later examined intracellular translocation
patterns of specific PKC isoforms in PC-3-AR cells
following melatonin administration to further understand
the specific complicit mediators of AR nuclear exclusion.
Utilizing membrane-association as a reliable measure of
PKC activation [72], they found a seven- to eight-fold
increase in membrane association of the PKCa isoform
following a 30-minute incubation with melatonin,
concluding PKCa to be the specific PKC isoform
responsible for the melatonin-mediated AR nuclear
exclusion [68].

Interestingly, though Lupowitz et al. described a
mechanism whereby melatonin mediated an increase in
intracellular calcium concentration in PC-3 cells [71], Xi
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et al. found that when co-incubated with DHT,
pharmacological concentrations of melatonin
significantly attenuated the rise in intracellular calcium
precipitated by the sex hormone and was associated with
a reduction in measurable PSA levels. The authors did not
attribute this anti-androgenic result to a MT1/PKC-
mediated pathway, and rather hypothesized a melatonin-
responsive  calmodulin  possibly  responsible  for
differential regulation of L- and P/Q-type calcium
channels to explain the attenuated intracellular calcium
levels [73]. No other studies have studied this proposed,
equivocal anti-androgenic mechanism.

Tam et al. further contextualized and verified the role
of PKC in melatonin-induced anti-androgenic activity in
22Rv1 prostate cancer cells. Via the MT1, melatonin
stimulated Goagq specifically to activate PKC, which
precipitated significant inhibition of transactivation of the
prostate specific antigen (PSA) promoter [55], a well-
known transcriptional target of active AR [74, 75].
Consistently verified and quantified by PSA enhancer-
promoter luciferase reporter assays, this PKC-mediated
inhibition of AR activity is consistent with the
aforementioned mechanisms describing the nuclear
exclusion of AR in prostate cancer cells secondary to
melatonin treatment.

Surgical or medically-induced ADT is a first-line
treatment for prostate cancer [76] due to the poignant role
that androgen signaling plays in progression of advanced
prostatic cancer [77]. While depletion of endogenous
androgen as adjuvant therapy is associated with decreased
progression of prostate cancer [78], castration-resistance
can often occur, with one study finding disease
progression within a median of 18-24 months following
initiation of ADT [79, 80]. Castration resistance has a
multifactorial etiology [81], but is often defined by
oncogenic transformation whereby there is autonomous,
androgen-independent activation of the AR axis resulting
in the disease progression [82]. One mechanism of such
autonomy can be explained by androgen receptor splice
variants (AR-Vs), alternatively spliced AR-mRNA
variants that lack the androgen-binding domain within the
COOH-terminal domain [83]. Since these same AR-Vs
retain their NH2-terminal trans-activating domain and
DNA-binding domain, AR variants are constitutively
active and functionally liberated from androgen
dependency [83]. In fact, AR-Vs are significantly
expressed in castration resistant prostate cancer (CRPC)
compared to hormone-naive prostate cancer [84], with
androgen receptor variant 7 (AR-V7) expressed in 75% of
CRPC cases following ADT and less than 1% of primary
prostate cancer cases [85].

Sun Liu et al. reportedly discovered key interactions
of melatonin in the attenuation of AR-V7. They first
demonstrated that overexpression of AR-V7 precipitated

a 2.7-fold and 1.5-fold increase in expression of NFxB in
LNCaP and 22Rv1 prostate cancer cells, respectively,
further confirmed by a 2-fold increase in a known
downstream NF«kB target, interleukin (IL)-6 [60]. They
suggested that this activation of the NFxB/IL-6 axis may
partly explain the mechanism of AR-V7 induced CRPC
as IL-6 is a known pro-inflammatory cytokine complicit
in prostate carcinogenesis, specifically involved in
numerous processes such as proliferation, apoptosis,
angiogenesis, and differentiation [86, 87]. Melatonin
treatment in LNCaP prostate cancer cells inhibited 1L-6
upregulation and suppressed the NFkB-mediated
upregulation of AR-V7 demonstrating how the
indolamine can impede AR-V7-mediated carcinogenesis
and downregulate the receptor variant entirely. This is
direct evidence of melatonin disrupting the positive
bidirectional signaling between AR-V7 expression and
NFkB activation [60]. These observed effects are
consistent with and secondary to the nuanced MT1
signaling cascade that involves co-activation of parallel
PKA (via Gas) and PKC (via Gaq) cascades that
ultimately suppress active NFkB in prostate cancer cells,
described earlier in the Cell Cycle Control and Anti-
Proliferation section.

3.4. Oncostasis through anti-angiogenesis

Park et al. studied the anti-angiogenic properties of
melatonin as it relates to potential effects on the
expression of hypoxia inducible factor-1o (HIF-1 o) and
vascular endothelial growth factor (VEGF). The former is
the a-subunit of HIF that under both hypoxic (and certain
growth-factor stimulated) pathways can translocate to the
nucleus to join the constitutively expressed B-subunit to
form the functional heterodimeric transcription factor
[88], which upregulates several “hypoxia-responsive
genes” that promote proliferative ability, angiogenesis,
invasion, and other oncogenic process [89]. The latter is a
well-described angiogenic growth factor that is a
classically upregulated oncogene to support tumor
vascularization [90]. Park et al. found that pharmacologic
administration of melatonin in DU145 prostate cancer
cells reduced HIF-1a levels via reduced expression rather
than augmented degradation. This conclusion was
substantiated as melatonin administration did not affect
either mRNA concentration of HIF-1a, nor the half-life of
the active protein. Metabolic labeling assays further
indicated that the indolamine downregulated de novo
synthesis of HIF-1a. They attributed this mechanism of
inhibition to suppression of the 70-kDa ribosomal protein
S6 kinase (p70S6K), a mitogen-activated serine/threonine
kinase that activates upon phosphorylation of its catalytic,
linker, and pseudosubstrate domains [91] and regulates
cell cycle progression from Go/Gl to S phase by
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upregulating translation of mMRNA transcripts that possess
polypyrimidine tract sequences in their 5’-UTR [92].
Prior research has determined that the 5’UTR- sequence
of HIF-la contains these specific polypyrimidine
sequences [93], making it a clear target for p70S6K. Park
et al. demonstrated that phosphorylation of p70S6K
activation was inhibited secondary to melatonin
treatment, which resulted in decreased HIF-1a expression
in DU145, PC3, and LNCaP prostate cancer cell lines.
Inhibition of phosphorylation-induced p70S6K activation
was further confirmed by a negative phosphorylation-
status of RPS6 and elF4B, known downstream targets of
p70S6K. Finally, their results showed VEGF expression
in prostate cancer cells was reduced secondary to
pharmacologic levels of melatonin, which they suggested
to be a direct consequence of HIF-1a inhibition [77].

Other mechanisms of melatonin-induced inhibition of
HIF-1a in prostate cancer cells have also been studied.
Sphingosine kinase 1 (SPHK1) is a key oncogenic
enzyme that converts sphingosine to sphingosine 1-
phosphate (S1P), a signaling lipid that can promote tumor
proliferation, angiogenesis, and inflammation [94]. Prior
research has shown that SPHK1/S1P activates a protein
kinase B (Akt)/glycogen synthase kinase 3 (GSK-3p)
pathway that inactivates the Von Hippel-Lindau (pVHL)
protein. The pVHL is a tumor suppressor and substrate-
recognition component of the E3 ubiquitin ligase complex
that in normoxic conditions, will ubiquitinate
hydroxylated HIF-la leading to its subsequent
degradation [95]. Thus, via activation of an Akt/GSK-3f3
signaling cascade, SPHK1 stabilizes HIF-la by
preventing its degradation through inhibition of pVHL
[96, 97]. Cho et al. focused on this SPHK1 pathway in
vitro with PC-3 prostate cancer cells, and found that
compared to normoxic conditions, SPHK1 expression
increased under hypoxic environments with a consistent
rise in HIF-1a. They subsequently demonstrated in both
PC-3 and LNCaP prostate cancer cell lines that melatonin
administration significantly inhibited hypoxia-mediated
phosphorylation of Akt and GSK-3B, which they
determined was secondary to melatonin-induced
inhibition of SPHK-1. They concluded that
mechanistically, melatonin inhibits HIF-1a stabilization
and nuclear translocation in prostate cancer cells via
inactivation of the SPHK-1 and Akt/GSK-38, culminating
in the demonstrated anti-angiogenic activity. They further
suggested that this SPHK-1 suppression was related to the
known antioxidant potential of melatonin, which can
block certain hypoxia-induced ROS signaling cascades
[98].

In subsequent research, the same group concluded
that an anti-angiogenic mechanism of melatonin in
hypoxic PC-3 cells was related to altered expression of
certain microRNA (miRNA), which are small molecules

of single-stranded, non-coding RNA that play a
significant regulatory function by binding to sequences of
target mMRNA and suppressing protein expression either
through mRNA cleavage with subsequent degradation or
direct translation repression [99]. In a hypoxic PC-3 cell
environment, Sohn et al. found that melatonin
significantly upregulated miRNA 3195 and miRNA 374b
which corresponded with an attenuation of HIF-10, HIF-
2a, and VEGF mRNA levels. Accordingly, the
overexpression of mMiRNA 3195 and miRNA 374b led to
downregulation of VEGF and reduced HIF-1a immuno-
fluorescent expression, implying that the miRNA 3195
and miRNA 374b target the HIF-1/20/VEGF axis. In
consideration of this team’s previous work studying the
SPHK-1 cascade, they suggested that the observed anti-
angiogenic activity of melatonin in hypoxic PC-3 cells
may be the sequela of attenuation of the HIF-
lo/VEGF/SPHK-1 axis in association with certain
miRNAs, including the miRNA 3195 and miRNA 374b
[100].

Melatonin’s effect on angiogenesis in prostate cancer
was further examined in vivo by Paroni et al., who utilized
seven-week-old Foxnlnu/nu male mice xenografted with
LNCaP human prostate cancer cells. Interestingly, they
found a stark dichotomy in their in vivo experiment
compared to the in vitro precedent. They found that
expression of HIF-1a and phosphorylation of Akt both
increased in melatonin-treated mice versus those treated
with saline. In addition, expression of neo-vascularizing
agents VEGF and its tyrosine kinase receptor VEGF-R2
were both increased in the melatonin-treated group. These
seemingly pro-angiogenic molecular changes occurred in
the context of a resultant diminished xenograft micro
vessel density, indicating anti-angiogenic activity
secondary to the melatonin treatment. The authors
acknowledged these mechanistic differences between
previous in vitro findings and their in vivo findings,
suggesting that the elusive melatonin-induced anti-
angiogenic mechanism might induce tumor hypoxia,
possibly stimulating activation of Akt and expression of
HIF-1a in the LNCaP-xenografted mice. Of note, Paroni
et al. as well-found decreased levels of Ki67, a known
marker of cellular proliferation [101], which contrasts
with previous findings that suggest a direct relationship
between Akt activation and Ki67 levels [102]. They
concluded that the demonstrated oncostatis of melatonin
treated LNCaP-xenografts was not related to its anti-
hypoxic role, but rather, secondary to the indolamine’s
anti-angiogenic and anti-proliferative roles,
corresponding to its antioxidant functions [103]. They
noted that melatonin-signaling in prostate cancer must
differ in vitro versus in vivo, and these mechanisms
warrant further studying.
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3.5. Oncostasis through anti-metastasis

Metastatic dissemination is common in prostate cancer,
with bone being the most frequent site of metastasis
(84%), followed by distant lymph nodes (10.6%), liver
(10.2%), and thorax (9.1%) [104]. Chen et al. reported
that bone metastases occur in 70% of patients with
advanced prostate cancer [105], further quantifying the
severity of metastasis in prostate cancer. Matrix
metalloproteinases (MMP)s, a family of zinc-dependent
endopeptidases, are complicit in the metastatic
transformation seen in cancer secondary to their
involvement with the extracellular matrix [106, 107].
Kleiner et al. delineated three crucial mechanisms by
which MMPs augment metastasis of tumor cells; namely,
that MMPs can promote invasion through degradation of
collagen, laminins, proteoglycans, and other components
of the extracellular matrix, that MMPs can promote
motility via alteration of the adhesive properties of mobile
tumor cells, and that MMPs can activate certain “hidden”
carcinogenic properties of two proteins, plasminogen, and
laminin-5[108]. In relation to prostate cancer specifically,
expression of MMP-2, -3, -7, -9, and -13 has been
identified by Gong et al. in both serum and tumor tissue
of patients with prostate cancer, with correlation to
progression and metastasis [109]. Wu et al. validated
MMPs as therapeutic targets for prostate cancer
metastasis by demonstrating inhibition of DU-145 and
PC-3 prostate cancer cell migration and invasion upon
transfection with miRNA-143, a miRNA that directly
targets MMP-13 [110].

Wang et al. demonstrated in vitro that melatonin
reduced the invasive potential of DU145 and PC-3
prostate cancer cells ultimately via inhibition of MMP-13.
Mechanistically, they identified that signaling via the
MT1, melatonin suppressed the phospholipase C (PLC)
and p38 mitogen-activated protein kinases (p38) cascades
to ultimately block the phosphorylation and activation of
c-JUN. Typically, c-JUN dimerizes with ¢c-FOS to form
activator protein-1 (AP-1), a transcription factor that is
involved in the coordinated expression of MMPs [111].
They thus concluded that melatonin exerts anti-metastatic
effects on prostate cancer via MT1 mediated inhibition of
the PLC and p38 pathways, resulting in the inactivation of
c-Jun with ultimate suppression of MMP-13. Then using
SCID mice xenografted with PC-3 cells, they
demonstrated that melatonin markedly inhibited MMP-13
expression in prostate tumor specimens and suppressed
metastasis to distant organs, further exemplifying in vivo
the anti-metastatic effects of melatonin on prostate cancer
[112].

3.6. Oncostasis
inflammation,
bioenergetics

through anti-oxidation, anti-
and modulation of mitochondrial

Many reports have established that oxidative stress and
mitochondrial damage are key events in the initiation or
progression of tumors, including human prostate cancer.
The role of melatonin in modulating mitochondrial
activity and function was examined by Tamarindo et al. to
investigate its antitumor profile [113]. The indolamine has
been shown to decrease the total production of H202 by
62% and superoxide anions by 40% in PNT1A cells when
compared to controls. In addition, melatonin is suggested
to be a possible regulator of mitochondrial activity as
evidenced by an enhanced oxidative phosphorylation rate
and improved respiratory control ratio in these cells. This
observed result was probably related to the inhibitory
effect of melatonin on the AKT/mTOR pathway. The
study also explored the effect of altered cellular
physiology on mitochondrial morphology, whereby it
reported that the augmentation of mitochondrial activity
led to a decrease in the perimeter and area of the organelle.
This outcome is possibly explained by the calculated
removal of mitochondria or fractions of the organelle that
produce higher than normal levels of Reactive Oxygen
Species (ROS) leading to a reduction in mitochondrial
dysfunction and oxidative stress. Mitochondrial
Bioenergetic Reserve Capacity (MBRC) is commonly
used as an indicator of the cell’s ability to respond to stress
and to meet heightened energy demands. Melatonin was
shown to have no effect on the MRBC when used alone,
however its use resulted in a 130% increase in MRBC in
PNT1A cells when co-incubated with docosahexaenoic
acid [113].

It is widely regarded that ROS mediates multiple
cellular processes such as growth, proliferation, and
apoptosis. This further highlights the need to regulate their
activity and intracellular levels. The dysfunctional
regulation of ROS in neoplastic cells is a feature that
promotes oxidative stress and oncogenic transformation.
The cellular redox environment is modulated by electron
donor systems such as the thioredoxin system, a major
thiol dependent electron donor system [114]. Thioredoxin
(TRX1) is an antioxidant protein that regulates the cellular
redox state and communicates with downstream
molecules such as apoptosis signal-regulating kinase 1
(ASK1), a member of the mitogen-activated protein
kinase (MAPK) family that participates in apoptosis and
differentiation of cells. The activity of TRX1 is dependent
on its redox state as its oxidized form would activate
ASK1 and result in initiating apoptosis. Rodriguez-Garcia
et al. investigated the effect of melatonin on the TRX1
system and concluded that it had no effect on the basal
redox state in LNCap cells, however, it further reduced
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TRX in PC-3 cells. In addition, LNCap and PC-3 cells
were stained with dihydroethidium (DHE) and MitoSOX
red probes to monitor for any changes in ROS levels after
incubation with melatonin. The results showed a
significant decrease in MitoSOX fluorescence and no
effect on DHE fluorescence indicating a reduction in ROS
production and oxidative stress levels. Further
investigations were conducted to evaluate the effect of
melatonin on the levels of antioxidant enzymes, and
upregulation of CuzZnSOD and catalase was noted in
western blots [114]. Another study done by Sainz et al.
further highlighted the antioxidant property of melatonin
by showing reduced levels of DHE fluorescence in
LNCap cells after the addition of AAPH to the culture
[54]. This effect was less significant with PC-3 cells.
These results clearly demonstrate the antioxidant capacity
of melatonin either through directly scavenging free
radicals or through the upregulation of antioxidant
enzymes such as glutathione, superoxide dismutase, and
glutathione peroxidase [115].

Many studies have recently shed light on the role of
the immune system in augmenting the body’s response
against malignant neoplasms through the cytotoxic
activity of immune cells and inhibitory properties of
cytokines. A depressed immune response has been
proposed to be a common feature among cancer patients,
an effect attributed to the release of immune-suppressive
molecules and the activation of suppressor macrophages.
This further suggests that immunomodulation can be an
effective therapeutic strategy to boost the body’s response
against tumors. Neri et al. examined the effect of
melatonin therapy on the immune system in 31 patients
with advanced solid tumors, including prostate [116].
After 3 months of treatment, the performance status and
quality of life were reported to be improved in a large
percentage of the patients. In addition, the cytokine levels
measured one month after the onset of treatment revealed
an increase in the levels of TNF-alpha by 22%, IL-1 by
38%, IL-2 by 41%, IFN-gamma by 34%, and a decrease
in the levels of IL-6 by 70%. It is believed that the
modulation of the cytokine system by melatonin mediates
the activation and recruitment of the cytotoxic monocytes,
T-cells, and NK cells which ultimately enhance host
defense against tumors.

Melatonin  has also demonstrated an anti-
inflammatory property through its inhibitory effect on IL-
17 mediated expression of inflammatory cytokines and
chemokines as evaluated by Ge et al. [117]. This outcome
was mediated by melatonin’s specific action on the Akt-
GSK3b pathway whereby an inhibition of Akt ultimately
lead to an increased activity of GSK3b, an intrinsic
negative regulator of IL-17 mediated inflammatory
response. This conclusion was supported by the
significant decrease in the mRNA levels of known

downstream targets of IL-17 (CXCL1, CCL20, and IL-6)
in normal mice prostatic tissue when treated with
melatonin. In addition, lower levels of CXCL1 and
CCL20 mRNA were detected in PC-3 xenograft tumor
perfused with nighttime blood when compared to daytime
blood. Other suggested anti-inflammatory mechanisms
demonstrated by melatonin include downregulation of
cyclooxygenase enzymes and upregulation of anti-
inflammatory cytokines.

3.7. Oncostasis through pro-apoptosis

Sainz et al. examined the role of antioxidants, namely
melatonin, in enhancing apoptosis of androgen-sensitive
and insensitive prostate cancer cells induced by tumor
necrosis factor and chemotherapeutic gamma radiation
[118]. Results demonstrated that pharmacological levels
of melatonin precipitated an overall reduction of the
number of prostate cancer cells, true for both androgen
sensitive LNCaP and androgen insensitive PC3 cells, with
the former being most sensitive. Following a 6-day
culture, there was significant upregulation of p21, a potent
cyclin-dependent kinase inhibitor. Human recombinant
tumor necrosis factor-alpha (hrTNFa) treatment
demonstrated a dose-dependent reduction of LNCaP cell
viability, and when co-incubated with melatonin, resulted
in a significant increase in apoptotic cell death. This was
not true for PC3 cells, which demonstrated resistance to
hrTNFa therapy, both in isolation and in conjunction with
adjuvant melatonin. Mechanistically, they demonstrated
melatonin inhibited hrTNFo-induced activation of NFkB
[54], a transcription factor that may promote prostate
cancer viability via upregulation of c-myc, cyclin D1, and
IL-6, and more relevantly, activation of anti-apoptotic
genes, such as B-cell lymphoma 2 apoptosis regulator
(Bcl-2) [119]. This melatonin-induced inhibition was
exemplified following a 48-hour LNCaP co-culture with
hrTNF-o. and melatonin, which demonstrated that
melatonin promoted prostate cancer cell apoptosis
through reduction of Bcl-2 as well as Survivin levels, two
important carcinogenic survival factors. Melatonin failed
to enhance vy-radiation-induced apoptosis in prostate
cancer cells, attributed by the researchers to the significant
melatonin-mediated rise in reduced glutathione (GSH)
[54].

Other mechanisms behind the melatonin-mediated
apoptotic death of LNCaP cells have been studied.
Previous research has suggested that the c-JUN N-
terminal kinase (JNK) and p38 kinase are key MAPKs
that can mediate pro-apoptotic processes [120], while
extracellular signal-regulated kinase (ERK) is widely
associated with anti-apoptotic functions [121]. However,
there is evidence that that each MAPK can play both pro-
and anti-apoptotic roles depending on cell type, stimulus
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type and strength, and environment [122]. Soo Joo et al.
focused on the modulation of the MAPK superfamily by
melatonin in relation to prostatic cancer cell survival and
apoptosis [123]. Experimenting in vitro with a LNCaP cell
line, the INK and p38 kinases were significantly activated
following 6-to-12-hour incubation with melatonin, and
ERK was inactivated following 48-hour incubation with
melatonin. As well, melatonin administration precipitated
a relative increase in Bax and Cytochrome C, two
important pro-apoptotic mediators, and a decrease in the
cytosolic Bcl-2 survival proteins. They concluded that the
pro-apoptotic role of the indolamine seen in the LNCaP
cell line was directly dependent on JNK and p38
activation, and independent of ERK signaling cascades.
While these specific pro-apoptotic mechanisms have been
described in vitro, Xi et al. found no significant increase
in vivo with xenografted LNCaP tumor apoptotic cells,
instead suggesting the observed melatonin-induced tumor
suppression to be secondary to an anti-proliferative
mechanism [44].

3.8. Oncostasis through the maintenance of genomic
stability

Catechol estrogen-3,4- quinones (CE-3,4-Q) are
carcinogenic metabolites of estrogens that have been
shown to react with DNA to form depurinating adducts
that can increase the likelihood for mutagenesis due to the
error prone base-excision DNA damage repair
mechanism. This sequela imposed by CE-3,4-Q has been
proposed to be an initiating factor in the carcinogenesis of
many cancers, including breast and prostate [124].
Interestingly, catechol estrogen quinones have been found
to be present in urine samples in prostate cancer patients,
and thus can be considered an early biomarker in gauging
prostate cancer risk [125]. Zahid et al. experimented with
numerous natural agents in their ability to prevent
estradiol-3,4-quinone (E2-3,4-Q) induced DNA adduct
formation, and found that melatonin exerted its inhibitory
effects through the reduction of E2-3,4-semiquinone to 4-
OHEZ2, boasting a 37% inhibition of adduct formation
[126].

Long interspersed nuclear element-1 (LINE-1)
belongs to a family of retrotransposons that can alter
genomic stability through insertions via retrotransposition
of a RNA molecule into the genome [127]. LINE-1
expression is tightly repressed by numerous mechanisms,
including DNA methylation, histone modification, and
RNA interference [128, 129]. The regulation of LINE-1 is
to promote genomic stability, and thus, dysregulation of
LINE-1 has been linked to the carcinogenesis process
[130, 131], with one study demonstrating that nearly half
of human cancers are immunoreactive for ORF1p, a
protein encoded by LINE-1 [132]. ORF1p and ORF2p,

the two protein products of LINE-1, are functionally
integral for LINE-1 genome integration. deHaro et al.
demonstrated both in vivo with PC-3 xenografted adult
male nude rats and in vitro with PC-3 cell culture that
melatonin diminishes LINE-1 mRNA and ORF1p levels
and inhibits LINE-1 retrotransposition in prostate cancer
cells [133]. Observation that melatonin receptor
antagonist administration increased LINE-1 mobilization
in a dose-dependent manner confirmed that this effect was
mediated through the MT1. Thus, circulating melatonin’s
enhances genomic integrity by inhibiting the deleterious
and potentially carcinogenic effect of LINE-1 in prostatic
cells.

3.9. Oncostasis via neuroendocrine differentiation

Neuroendocrine (NE) cells comprise ~1% of the epithelial
compartment of the prostate gland, significantly
overshadowed by the predominant luminal and basal cells
[134]. While prevalence of NE cells in benign prostate
tissue is minimal, they contribute to epithelial cell growth
and differentiation [135] via the secretion of certain
mitogenic and survival factors in a paracrine manner, such
as bombesin, neurotensin, PTHrP, serotonin, and
calcitonin [136]. Notably, NE cells lack AR and are thus
void of androgen dependence [137], a precarious feature
that becomes accentuated in the carcinogenesis of prostate
cancer and ultimately the development of CRPC. In fact,
neuroendocrine prostatic carcinoma (NEPC) is both
highly resistant to and a possible consequence of
androgen-deprivation therapy secondary to its androgen-
independent phenotype [138, 139]. NEPC represents the
deadliest and most aggressive subset of prostate cancer (5-
year overall survival of 12.6%) [140], with 17-30% of
metastatic CRPC exhibiting small cell neuroendocrine
carcinoma (SCNC) histology [141].

While the negative implications of NE differentiation
in prostate cancer clinically are unequivocal, melatonin
demonstrates a peculiar role in prostate cancer NE
differentiation in vitro. Utilizing pharmacological
concentrations of melatonin, Sainz et al. demonstrated
significant suppression of LNCaP and PC3 cell growth
while  concomitantly  enhancing  neuroendocrine
differentiation of both the androgen-sensitive and
insensitive prostate cancer cells [142]. While levels of
cyclic AMP transiently rose following melatonin
administration, the underlying  mechanism  of
differentiation was not attributed to PKA, a conclusion
substantiated by the failure of H89, a PKA inhibitor, to
inhibit differentiation. NE differentiation may be related
to the melatonin-mediated upregulation of manganese
superoxide dismutase (MnSOD), a mitochondrial
superoxide dismutase demonstrated by Quiré et al. to be
involved in NE differentiation in LNCaP cells [143].
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Mayo et al. further delineated the relationship between
redox signaling and NE differentiation, demonstrating a
melatonin-mediated increase in GSH upstream of
persistent ERK1/2 activation that precipitated ultimate
NE differentiation [69]. Further, following incubation of
LNCaP cells with melatonin, genomic microarray found
the indolamine to upregulate insulin-like growth factor-
binding protein 3 (IGFBP3), a gene target determined to
underlie the melatonin-mediated NE differentiation of
prostate cancer cells. Consistently, chronic melatonin
treatment in TRAMP models precipitated a salient rise in
serum IGFB3 and correlated with a 33% increased
survival. So, while clinically, NE differentiation in
prostate cancer is associated with poor prognosis and
increased mortality, melatonin-mediated NE
differentiation precipitates a certain degree of oncostasis
in the laboratory [144]. In fact, Rodriguez-Garcia
demonstrated that NE-like cells induced by chronic
melatonin treatment displayed greater sensitivity to TNF-
alpha and TRAIL than PC-3 and LNCaP cells, suggesting
a permissive effect of NE differentiation that enhances
efficacy of cytokine induced apoptosis [145].

3.10. Oncostasis through the resynchronization of
circadian rhythm

The “master clock™ of endogenous circadian rhythms is
located in the suprachiasmatic nucleus of the anterior
hypothalamus. Intracellularly, circadian rhythms are
regulated by the oscillatory transcription and translation
of certain genes. Bmall and Clock, two basic-helix-loop-
helix (bHLH)-PAS proteins, dimerize to form a
transcription factor complex that regulates the rhythmic
transcription of three Period genes (Perl, Per2, Per3), and
two Cryptochrome genes (Cryl, Cry2). These products
then directly inhibit the Bmall-Clock heterodimer
activity via negative-feedback regulation [146]. These
core clock components are carefully regulated to maintain
the 24-hour rhythmic period. Jung-Hynes et al.
demonstrated that compared to normal prostatic epithelial
cells, Clock and Per2 protein levels were downregulated
while Bmall was upregulated in multiple prostatic cancer
cell lines (LNCaP, 22Rv1, DU145, and PC3) [147]. These
exact perturbations were similarly found in human
prostate cancer tissue, exemplifying that dysregulated
clock circuitry component expression profiles are
associated with prostatic cancer. In vitro administration of
melatonin resulted in an increase in Clock and Per2 levels
and a concurrent decrease in Bmall, effectively “re-
synchronizing” the once dysregulated circadian rhythm
circuitry seen in the prostate cancer cells. They suggest
that the melatonin-induced resynchronization of clock
components was related to prostate cancer attenuation,
though acknowledge that more studies are warranted.

4, Possibilities and limits of melatonin for the

treatment of cancer

Although melatonin has various oncostatic effects, it is
not yet a standard treatment for malignant tumors,
including prostate cancer. Instead, melatonin therapy can
alleviate cancer-associated symptoms such as fatigue,
anxiety, and insomnia [148, 149]. Many cancer patients
suffer from psychological problems such as anxiety and
depression, and insomnia. The sleep hormone melatonin
can help reduce the stress and insomnia of cancer patients
through medication or diet [150]. In addition, several
studies demonstrated that melatonin could reduce
chemotherapy-associated side effects [151]. In this
respect, melatonin can be an effective palliative treatment
in cancer patients. However, the role of melatonin as an
anti-tumor agent is limited. No clinical trials could
demonstrate the significant inhibitory effect of melatonin
on tumor progression as a single treatment [152]. Some
clinical studies showed the anti-tumor effect of melatonin
in combination with chemotherapy [152-155], but not for
prostate cancer. A recent randomized controlled trial
reported the effect of melatonin on disease-free survival
in lung cancer. In the study, melatonin treatment showed
no benefit in 2 and 5-year disease-free survival. But, in
advanced lung cancer with stage 3 or 4, melatonin showed
5-year disease-free survival benefit [156]. In previous
clinical trials that investigated the anti-tumor effects of
melatonin, the maintenance dose was mostly 20 mg per
day and the duration varied from several weeks to some
years [155]. Considering that there were no major side
effects related to melatonin except for minor
psychological or neurocognitive problems [157], we
recommend a higher dosage for a definite anti-tumor
activity.

5. Conclusion

This review summarizes the numerous cellular
mechanisms by which melatonin demonstrates anti-tumor
activity in prostate cancer. More specifically, we describe
those mechanisms that relate to the indolamine’s ability to
modulate prostate cancer cell metabolic activity, cell
cycle progression and proliferation, androgen signaling,
angiogenesis, metastasis, immunity and oxidative cell
status, apoptosis, genomic stability, neuroendocrine
differentiation, and the circadian rhythm. Further in vitro
and in vivo studies are necessary to not only validate these
mechanisms, but also to discover additional mechanisms
not yet described in the literature. Finally, while these
anti-tumor properties have been demonstrated in
laboratory models of prostate cancer, future clinical trials
are necessary to determine the efficacy of supplemental,
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adjunct, adjuvant melatonin therapy for the prevention
and treatment of prostate cancer.
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